In Brief
INTRODUCTION
Systemic lupus erythematosus (SLE) is characterized by the production of antibodies to nucleic acid antigens (Ags) (Rahman and Isenberg, 2008) , with >75% of patients having serum autoantibodies to double-stranded DNA (compared to $0.5% of healthy controls), which typically appear a few years before SLE is diagnosed (Arbuckle et al., 2003) . SLE patients at or after disease onset drift in their serological reactivities toward a variety of nuclear, nucleolar, and protein-DNA complexes: a process known as epitope spreading. Although the mechanism is not well understood, epitope spreading is thought to be driven by chronic immune responses causing inclusion of new autoreactive B cell clones (Arbuckle et al., 2003; Cornaby et al., 2015; Vanderlugt and Miller, 2002) .
Affinity-matured antibodies (Abs) arise in germinal centers (GCs), wherein B cell clones cycle between division, somatic hypermutation (SHM) and selection based on Ag affinity (Victora et al., 2010) . This process of random mutation can generate BCRs that recognize self-Ags (Mietzner et al., 2008; Tiller et al., 2007) ; however, it has long been thought that GCs are able to limit the affinity maturation of autoreactive cells (Han et al., 1995; Pulendran et al., 1995; Shokat and Goodnow, 1995; Vinuesa et al., 2009) . In fact, display of self-Ag by follicular dendritic cells (FDCs) within GCs can delete autoreactive cells (Yau et al., 2013) , and autoreactive B cells can mutate away from autoreactivity (Reed et al., 2016; Sabouri et al., 2014) . Therefore, it has remained questionable whether autoreactive B cells in GCs follow the same rules of Ag engagement with FDCs, clonal evolution, and affinity maturation as those in foreign-Ag-elicited GCs.
Many autoimmune mouse models have spontaneous GC formation (Luzina et al., 2001 ), but as these models are based on genetically modified B or T cells or have uncharacterized, complex genetic backgrounds, they are poorly suited to studying natural autoreactive GC behavior. Here, we developed a chimera mouse model that has spontaneous autoreactive GCs composed of self-reactive B cells from the wild-type (WT) repertoire in a genetically normal context. Surprisingly, we find that there is no limit on the evolution of autoreactive GCs-that is, they generate B cells targeting other self-Ags once tolerance is broken.
RESULTS
564Igi Mice Display Spontaneous GCs, VDJ Diversification, SHM, and CSR The 564Igi mouse is a murine model of SLE on C57BL/6 (B6) background, generated by knock in of the heavy (H) and kappa light (K) chain of an autoreactive B cell clone targeting ribonuclear complexes (Berland et al., 2006) . In heterozygous 564Igi (legend continued on next page) mice, which carry a single copy of the knockin H and K chain, $50% of circulating B cells express the knockin BCR (identified by anti-idiotype [Id] Ab staining). The remaining half are Id negative (Id À ) due to receptor editing or allelic inclusion (Berland et al., 2006; Chatterjee et al., 2013; Das et al., 2017; Luning Prak et al., 2011) . The mice have high titers of IgG against nuclear-associated Ags, but do not exhibit disease until late in life.
Already at 6 weeks of age, heterozygous 564Igi mice (564het) harbored robust GC B cell populations in spleen and cutaneous lymph nodes (LN) ( Figure 1A ). Littermates that had the H chain knockin but lacked the K chain (564het K À ) had baseline GC B cell frequencies comparable to B6 controls ( Figure 1A ). The presence of spontaneous GC B cells correlated with the presence of circulating Id + (knockin BCR) cells (Figures 1B and S1A, Spearman correlation, p = 0.0002 and p < 0.0001, for spleen and LN, respectively). As reported previously, GC structures were found in the spleens of heterozygous 564Igi mice (Chatterjee et al., 2013 ) ( Figure 1C ).
Strikingly, Id + cells were underrepresented in GCs compared to the circulating repertoire ( Figure 1D ). GC B cells were sorted from the spleens of two heterozygous 564Igi mice, and sequencing their BCR repertoire revealed that $95% of the IgM and $75% of the IgG sequences were not derived from the knockin allele ( Figure 1E ; Table S1 ) but were derived by V(D)J recombination of the other allele or by receptor editing of the knockin allele (essentially recombining it again). These ''WT-derived B cells'' had undergone SHM, as judged by the mutations in their heavy chain VDJ ( Figure S1B ), and the mutation frequency was higher in IgG sequences than in IgM sequences (two-tailed Mann-Whitney test, p < 0.0001), suggesting affinity maturation and class-switch recombination (CSR), but it was unclear whether these WT-derived clones were autoreactive. We next assessed the reactivity of WT-derived serum antibodies to nucleolar autoAg. The 564Igi heavy chain locus is derived from the IgH-1a allotype (that encodes IgG2a), whereas the endogenous B6 heavy chain locus is . Therefore, we can distinguish antibodies produced by 564Igi B cells versus WT based on their respective IgG2a and IgG2c allotypes. We screened for IgG2c antibodies against nucleolar autoAg in the sera of heterozygous 564Igi mice. Samples from B6 (IgG2c only), heterozygous 564Igi kappa negative (564het K À ) (IgG2a and IgG2c), and homozygous 564Igi (IgG2a only) mice were included as controls. As expected, heterozygous and homozygous 564Igi mice harbored IgG antibodies targeting nucleoli, whereas B6 and 564het K À littermates did not ( Figure 1F ). Strikingly, heterozygous 564Igi mice harbored IgG2c Ab targeting nucleoli ( Figure 1G ), meaning that a subset of their WT-derived B cells had become autoreactive.
To investigate the trajectory of Id frequencies in spontaneous GCs, the 564Igi strain was crossed to an Aid-Cre ERT2 EYFP reporter (Dogan et al., 2009 ). In this model, GC B cells will constitutively express YFP upon tamoxifen administration, allowing us to track these cells and their progeny ( Figure 1H Figure S1L ), supporting affinity maturation and CSR. SHM is classically associated with GC responses, but also occurs in extrafollicular foci (Herlands et al., 2008; William et al., 2002) . However, the observed mutation rates of the YFP cells were an order of magnitude above those expected from extrafollicular foci. Taken together, these results demonstrate that in heterozygous 564Igi mice, autoreactive WT-derived cells are maturing in spontaneous GCs, thus undergoing affinity maturation, SHM, and CSR. (F) Anti-nucleolar serum IgG of B6 (n = 4), heterozygous 564Igi (n = 10), homozygous 564Igi (n = 7), heterozygous 564Igi K À (n = 8), and homozygous 564Igi K (J) A pulsed GC population followed in the spleen over 90 days. Mean ± SEM for 6 (day 8, 16, 24), 2 (day 38 and 50), and 3 (day 90) mice from 3 independent cohorts. (K) Similar to (J), but for cutaneous LN.
(L) Overall Id frequencies in spleen and LN over the course of the experiment. See also Figure S1 and Movies S1 and S2.
B6 and homozygous 564Igi donors. In this scenario, the 564Igi cells still kick-start autoimmunity, but they are ''locked in,'' as they are bi-allelically pre-rearranged, and they are genetically segregated from the WT B cell response ( Figure S2A ). The cells were followed using two allotypes of leukocyte marker CD45 (CD45.1 for WT cells and CD45.2 for 564Igi cells) ( Figure 2A ). For controls, we used mixed chimeras in which homozygous 564Igi donors were K-chain negative (CD45.2 564K À ) (Figure 2A ).
T cells should be unaffected by the knockin status, as they do not express the BCR, and all chimeras had the predicted ratios of CD45.1 to CD45.2 T cells.
The mixed chimeras had fewer-than-expected 564Igi B cells (CD45.2) when compared to 564Igi T cells, likely because the autoreactive 564Igi cells were selected against ( Figures S2B-S2E) . A smaller, but significant negative selection was observed in the BM of 564K À mixed chimeras, likely because of higher tonic BCR signal in the double-heavy-chain-expressing 564K À B cells ( Figure S2B ). However, in spleen, skin-draining LN, and blood, the reduced frequency of 564Igi B cells was more drastic than for 564K À B cells ( Figures S2C-S2E ). This finding agrees with the previously reported negative selection of self-reactive B cells at the transitional stage observed in 564Igi mice (Berland et al., (B) Id frequencies in chimera blood. Mean ± SEM for 1:2 (n = 7), 1:9 (n = 7), 1:19 (n = 5), and 1:2K À (n = 5) chimeras from 3 independent cohorts. Multiplicityadjusted p value for one-way ANOVA using Holm-Sidak's posttest. (C) GC B cell frequencies in spleen and cutaneous LN analyzed by flow cytometry. As for (B), but using two-way ANOVA with Holm-Sidak's posttest. (D) Frequency of GC per follicle assessed by confocal IF microscopy. Two slices per mouse listed in (B). Mean ± SEM, multiplicity-adjusted p value for one-way ANOVA using Holm-Sidak's posttest. (E) Representative confocal IF microscopy of 10-mm spleen sections. Top: representative spleen sections showing T-dependent GC defined by GL7 (blue) and Ki67 (red) bounded by FDC networks (green). Bottom: representative spleen sections at lower magnification showing GL7 + GC (red) and FDC networks (green) within follicular areas containing IgD-positive B cells (blue).
(F) Serum anti-nucleolar IgG titers for a subset of mice in (B). Mean ± SEM for 1:2 (n = 6), 1:9 (n = 4), 1:19 (n = 5), and 1:2K À (n = 6) chimeras from 3 independent cohorts. Multiplicity-adjusted p value for one-way ANOVA using Holm-Sidak's posttest. 2006; Chatterjee et al., 2013) . The chimeras displayed normal and consistent total B cell frequency ( Figures S2F-S2I ). Despite negative selection against 564Igi B cells, the input BM ratios had a titration effect on circulating Id frequencies ( Figure 2B ). Weaker effects on GCs were also observed in spleen and skin-draining LN (Figures 2C-2E ). The frequency of Id + cells in blood correlated with GC B cell frequencies in spleen (Spearman r = 0.73, p < 0.0001) and skin-draining LN (Spearman r = 0.65, p = 0.0006) ( Figure S2J ). Furthermore, the ratios impacted the level of circulating anti-nucleolar IgG and IgG2c (produced by WT cells) (Figures 2F and 2G) . Strikingly, at 6-8 weeks post reconstitution, GCs were almost exclusively composed of WT-derived cells ( Figures 2H and 2I ), while the 564K À chimera controls had no GCs. Because the observed phenotypes were most robust in the 1:2 chimeras, this BM ratio was chosen for most subsequent experiments.
B Cells of Spontaneous GCs in 564Igi Mixed Chimeras Are Autoreactive and Converge on Similar BCRs
To analyze the WT-derived GC B cells further, mixed chimeras were generated using a mixture of BM from Aid-Cre ERT2 EYFP WT and homozygous 564Igi donors transferred into irradiated WT recipients ( Figure 3A ). Following reconstitution, mice were pulsed with tamoxifen, and 4 weeks later, the BCR repertoire of the YFP + GC B cells was sequenced ( Figures 3A and 3B ), capturing a total of 275 heavy chains from 4 chimeras, representing a total of 46 distinct V segments (the V segment determines most of the Ag specificity). The most prevalent V segment accounted for over 1/5 of the total sequences, while the secondand third-most accounted for $1/6 and $1/15, respectively. The most prevalent and the second-most prevalent V segment were observed in 3 and 4 out of 4 mice, respectively ( Figure 3B ), indicating that the WT-derived GC B cells converged on particular heavy chain V segments, suggesting they were targeting similar Ags. The sequences had many mutations, indicating a significant degree of SHM, as compared to naive mature B cells from B6 mice (Kruskal-Wallis test with Dunn's multiple comparison, p < 0.0001 for pairwise comparison of mouse A-D with B6) ( Figure S3C ). This analysis is a gross under-sampling of a vast pool of B cells and may not adequately reflect clonal selection processes at the level of a single GC. To improve the analysis, chimeras were generated based on mixing WT PA-GFP BM with homozygous 564Igi BM in WT recipients ( Figure 3C ). Following reconstitution, single GCs from fresh spleen explants were photoactivated as previously described (Victora et al., 2010) and sorted into single cells ( Figures  3C and 3D) . Again, clonal expansion and selection were observed in the heavy-chain-derived V segments ( Figures 3E, 3F , S3A, and S3B). Specifically, the VHQ52.a27.79 (IGHV2-9*02) and J558.33 (IGHV1S81*02) segments occurred in 3/4, 4/4, and 4/4 GCs analyzed in 3 independent chimeras ( Figure S3B) . Surprisingly, these sequence elements were shared, not only among clones of distinct GC within the same mice, but also among clones of different mice. Again, mutation analysis indicated a significant degree of SHM, both when comparing all sequences from each PA-GFP mouse to naive mature B cells from B6 mice (KruskalWallis test with Dunn's multiple comparison, p < 0.0001 for pairwise comparison of E-G with B6) ( Figure S3D ) and when comparing sequences of individual GC with those from B6 (Kruskal-Wallis test with Dunn's multiple comparison, p % 0.0001 for pairwise comparison of G1-G4 with B6) ( Figure S3E ).
Of note, the observed V segments were also prominent in Aid-Cre ERT2 EYFP chimeras. Furthermore, we identified similar sequences in YFP + cells from tamoxifen-pulsed Aid-Cre ERT2 EYFP heterozygous 564Igi mice, indicating that this convergence across independent animals was not an artifact of the chimera approach. An unbiased BLASTP search of CDR3 amino acid (G) Phylogenetic tree for the 17 synthesized PA-GFP clones, 564, and the 564 UCA, based on the nucleotide sequences of heavy + light chains. Clones identified as autoreactive in HEp-2 assay, nucleolar ELISA, and autoAg array are highlighted in red, whereas clones displaying limited autoreactivity in autoAg array only are in orange. The tree was resampled 100 times, and the resulting confidence of branchpoint determination is indicated. (H) Representative results for confocal analysis of human epithelial (HEp-2) cells stained with (from left to right): no primary, 564 Ab derived from a hybridoma (clone C11), cloned heavy and light chain pairs from control anti-influenza HA head Ab (6649), reconstructed 564 unmutated common ancestor (564 UCA), and 564. Development for murine IgG (green), counterstained with DAPI (blue) and phalloidin (red). Overlay of all three channels (top row) or mIgG channel alone (bottom row). (I) Representative examples of the different staining patterns observed for cloned sequences from single GC: perinuclear (G1_M25), predominantly cytoplasmic (G2_M05), cytoplasmic + nucleolar (G4_G22), and nuclear stain with nucleolar exclusion (G4_G55). Channel intensity was adjusted to facilitate visualization of the pattern. (J) Quantified staining intensities based on CellProfiler analysis of raw images. Nuclear staining, cytoplasmic staining, and the sum of the two (left to right). Cloned antibodies are grouped according to GC origin as indicated. The threshold for background signal, defined as the upper limit of the 95% confidence interval for the mean signal in the negative control (6649), is indicated with a horizontal dotted line. Measurements for which the limit of the 95% confidence interval for the mean did not overlap with threshold were considered positive. Positive measurements are indicated in dark blue, while negative are light blue, and borderline are patterned. The positive control, hybridoma-derived 564 C11, is indicated in red. See also Figure S3 . sequences (the CDR3 region being the most critical for Ag recognition) of clones carrying the VHQ52.a27.79 (IGHV2-9*02), J558.22.112 (IGHV1-22*01), and J558.33 (IGHV1S81*02) elements yielded hits for anti-DNA binding antibodies (including the original 564 VH clone) and anti-phosphocholine antibodies. These findings indicate that WT-derived GC B cells converged on specific autoreactive sequence elements.
To definitively determine whether BCRs from WT-derived clones were autoreactive, paired H and K chains from 16 clones and 1 inferred unmutated common ancestor (UCA) from 4 GCs of a PA-GFP 564Igi mixed chimera were synthesized, cloned, and expressed (Table S2 ). As controls, we cloned and expressed the original 564 Ab, the inferred 564 UCA, and an influenza hemagglutinin (HA)-specific Ab (6649). An overview of the sequence diversity of the 17 PA-GFP-derived clones and the 564 clone is shown in the phylogram in Figure 3G , which was rooted on the 564 UCA. The 20 total recombinant antibodies and the control 564 Ab derived from a hybridoma were assayed for cross-reactivity with cellular components in human epithelial (HEp-2) cells ( Figures 3H-3J ). Representative examples of the different staining patterns observed for cloned sequences from single GCs are shown in Figure 3I : perinuclear (G3_M25), predominantly cytoplasmic (G2_M05), cytoplasmic + nucleolar (G4_G22), and nuclear stain with nucleolar exclusion (G4_G55). Staining intensities were quantified in CellProfiler and are shown in Figure 3J .
Out of 4 GCs analyzed, autoreactivity was confirmed in 3. We further validated our findings in nucleolar ELISA-type assays ( Figure S3F ). The analysis was extended and refined by screening with autoAg arrays (Ayoglu et al., 2016) , where each clone was assayed against 241 Ags (227 unique targets) and 30 controls (10 unique antibodies) (Table S3) , and overall, results were congruent with the HEp-2 and nucleolar ELISA results . The 564 clone, 564 UCA, G4_G22, and UCA GC2 were strongly reactive with single-stranded DNA (ssDNA) (Figure S3H) . G2_M05 also reacted to ssDNA, but reacted most strongly with macrophage-derived chemokine (MDC, CCL22). Clones G2_G87, G2_G23, and G3_M25 displayed unique reactivity, albeit weaker, to this target ( Figure S3I ). These differences suggested a link between subcellular targeting and finer Ag specificity, because in the HEp-2-assay, G4_G22 and G2_M05 stained nucleolar + cytoplasmic and cytoplasmic, respectively, whereas G3_M25 had perinuclear staining. G4_G55, which had nuclear staining with nucleolar exclusion, was strongly reactive with Smith D2 Ag ( Figure S3J ). Interestingly, UCA_GC2 had additional reactivity to TGFb-RII, not present in the other ssDNA-reactive clones ( Figure S3K ). The finding that the inferred UCA of the IgG-switched clones in GC2 was autoreactive suggests that germline precursors are autoreactive and enter GCs as such. Furthermore, there was CSR, as both autoreactive IgMs and IgGs were observed. Taken together, these results confirm that the spontaneous WT-derived GC B cells were autoreactive and were the likely source of the WT-derived, affinity-matured IgG2c autoantibodies observed in the chimeras.
GCs of 564Igi Mixed Chimeras Are T-Dependent with a Prominent Follicular Helper T Cell Population
GCs that form in response to foreign Ag depend on T cell help. To test whether those in 564Igi mice and 564Igi mixed chimeras do as well, we treated mice with anti-CD40L Ab to block T cell interaction. Similar to foreign Ag GCs, CD40L blockade ablated the GCs in spleen, cutaneous LN, and mesenteric LN of both heterozygous 564Igi mice and 564Igi mixed chimeras ( Figures  S4A-S4D ). Splenic Id frequencies were unaffected, whereas those of cutaneous and mesenteric LN were marginally decreased. T follicular helper (Tfh, CXCR5 hi PD-1 hi ) cell populations were present in both heterozygous 564Igi mice and 564Igi mixed chimeras, and they were similarly ablated by CD40L blockade, as previously shown (Durie et al., 1993; Yusuf et al., 2014) . In contrast, overall CD4 T cell levels were unaffected ( Figures S4E-S4H ).
WT-Derived GC B Cells in 564Igi Mixed Chimeras Depend on TLR7 Signals B cell-intrinsic TLR7 signaling is a driver of escape of tolerance for self-reactive B cells, as observed for Id + cells in the 564Igi model (Berland et al., 2006; Green et al., 2012; Lau et al., 2005; Leadbetter et al., 2002) . To test whether the WT-derived GC B cells in 564Igi mixed chimeras similarly depended on intrinsic TLR7 signaling, three-part mixed chimeras were generated using irradiated CD45.1/2 recipients. One part was 564Igi BM (identified by CD45.2 and PA-GFP congenic markers), one part was WT (CD45.1) BM, and the last part was either TLR7
À/À or TLR7 meaning that WT B cells needed intrinsic TLR7 signaling for entry or persistence in autoreactive GCs. In mesenteric LN, there was a less dramatic, albeit significant, reduction in TLR7 À/À cell frequency ( Figure S5N ). The reduced dependence on the TLR7 pathway in intestinal LN GCs is likely due to multiple other TLR ligands originating from gut flora or food Ags.
Spontaneous GCs of 564Igi Mixed Chimeras Become Self-Propagating
Because of the low frequency of 564-derived cells in the autoreactive GCs of mixed chimeras, we asked whether the GCs were dependent on 564Igi cells for their persistence or whether the epitope spreading was sufficient to maintain them. We crossed 564Igi mice with UBC-Cre ERT2 mice and a conditional attenuated-diphtheria toxin (DTA) line (564 UBC-Cre ERT2 DTA). The BM from these mice (CD45.2) were mixed with BM from PA-GFP WT mice (CD45.2) and transferred to irradiated WT recipients (CD45.1) ( Figure 4C ). This set-up allowed specific ablation of 564-derived cells in a tamoxifen-induced manner. Following reconstitution, a high degree of chimerism was verified, and the expected frequencies of donor and normal B cells were observed ( Figures S5O-S5R ).
Half the cohort was treated with tamoxifen and mice were analyzed 2 weeks later. As expected, overall CD4 T cell, CD8 T cell, and CD19 B cell frequencies were unaffected ( Figures  4D-4F ). Because the frequency of 564-derived B cells was already low and therefore harder to quantify, CD8 T cells were used to measure the ablation strategy's effect on the 564-derived hematopoietic compartment. In the 1:2 chimeras, the 564-derived cell frequency was reduced $80% (from $30% down to $6%); whereas in the 1:9 chimeras, it was reduced $90% (from $12% down to $1.2%) ( Figure 4G ). Despite this dramatic reduction in 564-derived cells, splenic and mesenteric GC B cell frequencies were only marginally reduced ( Figure 4H ). Therefore, 564-derived cells were not required once autoreactive GCs had been established. 
Autoreactive GCs Evolve toward Pauciclonality
To analyze autoreactive GC dynamics globally, we generated mixed 564Igi and Aid-Cre ERT2 Confetti BM chimeras. In this setup, 564-driver cells elicit autoreactive GCs largely composed of WT-derived Aid-Cre ERT2 Confetti B cells. Upon tamoxifen induction, Aid + (GC) cells and their progeny express 1 of 10 different color combinations, allowing the visualization of clonal selection, as previously done for foreign Ag (Tas et al., 2016) . Robust induction of autoreactive GCs was observed, and the autoreactive GCs were composed of WT clones as evidenced by Confetti positivity (Movies S3 and S4). As an internal control, ''Confetti only'' chimeras without 564 driver BM were generated and immunized with a foreign Ag (NP-CGG) analogous to that of Tas et al. (2016) (Figure 5A ). Over 4 weeks, foreign-Ag-elicited GCs lost color diversity, as evidenced by the frequencies of the most dominant and second-most dominant color and the sum of the two relative to the remainder of the GC (Figures 5B and 5E). Unlike for Tas et al. (2016) , these data do not account for unrecombined cells, and therefore, the results are not directly comparable.
However, we found that the autoreactive GCs evolved in a similar manner as foreign-Ag GCs, losing color diversity at only a slightly decreased rate ( Figures 5C and 5E ), which was confirmed by comparing the divergence index for the two groups ( Figure 5D ). Of note, whereas foreign-Ag-induced GCs are synchronized and timed, the 564Igi GCs were spontaneous and chronic, making it difficult to determine GC age. However, the effect of GC age could be controlled for by comparing to mesenteric LN GCs, which are chronic, in both groups. Notably, we observed no difference between the mesenteric LN GCs of foreign-Ag-immunized Confetti-only mice and those of 564Igi chimeric mice ( Figures S6A-S6I ), indicating that there is no effect from GC age. We conclude that autoreactive GCs, once tolerance has been broken, evolve toward pauciclonality-that is, the dominance of a single or a few clones and their progeny.
Mixed 564Igi Chimeras Undergo Epitope Spreading
Given the differential Vh usage and clonal selection of WT-derived GC B cells, we hypothesized that the WT-derived response may target more self-Ags than the original 564Igi clone. IgG (total), IgG2a (564-derived), and IgG2c (WT-derived) from 9 heterozygous 564Igi, 7 homozygous 564Igi, 6 1:2 564 mixed chimeras, 2 1:9 564 mixed chimeras, 6 1:2 564K À mixed chimeras, and 5 B6 mice were assayed for binding to 241 Ags (227 unique targets) and 30 controls (10 unique Abs) (Figures S7A-S7C ; Table S3 ). Individual mice within each group varied in reactivity, but the IgG antibodies of heterozygous 564Igi mice, homozygous 564Igi mice, and 564Igi mixed chimeras had stronger reactivity across a broad range of self-Ags than did IgG from 564K À mixed chimeras and B6 mice ( Figure S7A ). IgG2a (564-derived) was strongly reactive in homozygous 564Igi and to a lesser extent heterozygous 564Igi mice ( Figure S7B ), whereas IgG2c (WT-derived) was strongly reactive in 564Igi mixed chimeras ( Figure S7C ), agreeing with the preceding experiments. A shift, or broadening, of reactivities was notable when comparing 564Igi mixed chimeras and homozygous 564Igi mice, which have B cells that are doubly pre-arranged and so cannot easily acquire new targets ( Figure 6A ). TNF-b (tumor necrosis factor beta), GBM (glomerular basement membrane), and numerous other targets were significantly overrepresented in the mixed chimeras (upper right quadrant, Figure 6A ). Many of these targets are well-established autoimmune targets (GBM, collagen type VI, U1-snRNP A, etc.) including cytokines (APRIL, VEGF, interleukin [IL]-17, etc.) (Cappellano et al., 2012) . The original 564 clone did not react with interferon (IFN)g, GBM, SmD2 (Smith D2), or TNF-b, suggesting that these are targets of WT-derived autoreactive B cells (IgG and IgG2c) ( Figures 6B, 6C , S7D, and S7E). The 564 clone reacts with ssDNA (Berland et al., 2006; Gavalchin et al., 1987 ) (compare also with Figure S3 ), so not surprisingly, ssDNA and Ro60/SSA were the most notable 564-associated targets (upper left quadrant, Figure 6A ). Homozygous 564Igi and to a lesser extent heterozygous 564Igi mice had a strong anti-ssDNA profile for IgG and IgG2a (564-derived), but not for IgG2c (WT-derived) ( Figure S7D ). 564Igi mixed chimeras had a significant but lower level of anti-ssDNA IgG and IgG2a than homozygous and heterozygous 564Igi mice, whereas 564K
À mixed chimeras had none ( Figure S7E ). A similar pattern was noted for Ro60/SSA (Figures 6B and C), in line with the polyreactive nature of the parental 564 clone. Taken together, these results suggest that inclusion of WT B cells in chronic autoreactive GCs drives epitope spreading.
Mixed 564Igi Chimeras Have Ab Deposits in Their Kidneys
The reactivity of 564Igi mixed chimeras toward GBM and collagen type IV suggested autoAb deposition in their kidneys, as those antigens are often targeted in autoimmune renal disease. We found that aged (9-12 months old) heterozygous 564Igi mice and 564Igi mixed chimeras had prominent IgG2c (WT-derived) deposits in the kidney; whereas, homozygous 564Igi and homozygous 564Igi K À mice did not (Figures 7A and 7B) . As expected, IgG2a (knockin allele) deposits were prominent in homozygous 564Igi mice, as well as 564Igi mixed chimeras, but were not detected in the homozygous 564Igi K À mice ( Figures 7A and 7C ). This IgG2c deposition suggests a contribution of the epitope spreading process to pathogenesis.
DISCUSSION
We made the unexpected observation of widespread epitope spreading in the 564Igi model. In heterozygous 564Igi mice, upward of half of circulating naive mature B cells carried an affinitymatured autoreactive BCR derived from the knockin. Yet, these cells failed to win in the GC reaction, giving way to WT-derived cells. This was surprising, because in mice that have a knockin BCR that is specific for foreign Ag, the knockin B cells dominate the GC response. For example, in B1-8 mice, 5% of the pool harbor a BCR specific for the hapten NP, and upon NP-carrier immunization, these cells dominate the response. However, this is arguably an oversimplified system as the hapten response is very narrow. Our findings in the autoreactive setting may reflect those of Kuraoka et al. (2016) , whereby the process of SHM increases the breadth of the response to complex Ag. Although the maturation of autoreactive BCRs is generally restricted by T cell support, this check may be bypassed by linked recognition. In fact, autoreactive IgG memory antibodies in patients with SLE may arise from nonreactive and polyreactive precursors (Mietzner et al., 2008) . However, mechanisms may exist to prevent the emergence of autoreactive B cells in GCs (Reed et al., 2016; Sabouri et al., 2014) , perhaps relying in part on FDC presentation of autoAg (Yau et al., 2013) . The nature of the self-Ag may be an important factor, as many nuclear self-Ags, such as the 564Igi Ag, trigger FDCs to secrete IFNa via endosomal TLR7 (Das et al., 2017) , potentially leading to increased recruitment of self-reactive B cells from the immature repertoire.
To circumvent artifacts that might arise from transgenic B cells, we developed a mixed chimera model with spontaneous, autoreactive GCs composed of WT B cells with 564Igi cells , and dissociated GBM (bottom row) in sera of B6 (n = 5), heterozygous (n = 9), and homozygous (n = 7) 564Igi mice. Mean ± SEM, multiplicity-adjusted significance for one-way ANOVA with Dunn's posttest (*p < 0.05, **p < 0.01, ***p < 0.001). (C) Bar graph representations of IgG (left column), IgG2a (middle column), and IgG2c (right column) Ab toward Ro60/SSA (top row), IFNg (middle row), and dissociated GBM (bottom row) in sera of 564 mixed chimeras (n = 8) and 564K
À mixed chimeras (n = 6). Mean ± SEM, multiplicity-adjusted significance for two-tailed Mann-Whitney test (*p < 0.05, **p < 0.01, ***p < 0.001). See also Figure S7 .
initiating autoimmunity. We found that these autoreactive GCs are largely composed of WT B cells and are dependent on intrinsic TLR7 signaling, similarly to 564Igi B cells (Berland et al., 2006) . Moreover, we found that the GCs became self-sustained and gained independence from the initial 564Igi trigger, explaining how autoreactive GCs become chronic and how disease is propagated. We found that autoreactive GCs are polyclonal, but evolve toward pauciclonality at varying rates, agreeing with the observation that affinity maturation can occur in the absence of homogenizing selection, with many clones maturing in parallel within the same GC (Tas et al., 2016) . This ''clonal permissiveness'' is in line with earlier reports that transient foreignAg-driven GCs are dynamic and open structures (Schwickert et al., 2007 (Schwickert et al., , 2009 . We found that clonal evolution was largely similar between foreign Ag and autoAg GCs. Our observations suggest that once tolerance is broken, an increasingly broader array of self-Ags will be targeted.
We observed clonal convergence and selection leading to the predominance of autoreactive V segments in the WT-derived GC B cell population, similar to previous observations in autoimmunity and cancer (Hershberg and Luning Prak, 2015; Shlomchik et al., 1987) . Serum antibodies displayed epitope spreading, further supported by our finding of WT-derived Ab deposits (IgG2c) in the kidneys of 564Igi mixed chimeras.
Our findings support that autoreactive GCs are at the heart of the autoimmune response. The chronic, progressive nature of epitope spreading calls for early interventions, even before disease onset. In light of the failure of CD40L blockade in humans, alternative GC checkpoints should be explored. We have focused here on the evolution of the B cell response, but questions remain. Although we demonstrated T cell dependence in our model, the extent and nature of T cell involvement has not been addressed. Future experiments will determine whether the T cell pool is not only necessary, but also sufficient, to sustain and confer autoreactivity. We conclude that self-reactive 564Igi B cells are sufficient to break tolerance and induce the formation of autoreactive GCs, which are predominantly composed of WT-derived cells. We dub this novel tool, which can be used to study WT epitope spreading and autoreactive GC responses, the ''ARTEMIS model'' to signify autoreactive B cell driven T-dependent epitope migration toward immunity to self.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michael C. Carroll (michael.carroll@childrens.harvard.edu). (B6.Cg-Tg(UBC-cre/ERT2)1Ejb/J) was kindly made available by Arlene Sharpe. The attenuated DTA line (B6;129-Gt(ROSA)26Sor < tm1(DTA)Mrc > /J) was kindly provided by Fred Alt (Boston Children's Hospital). 564Igi mice (Berland et al., 2006) were originally provided by Theresa Imanishi-Kari (Tufts University) and were maintained in-house. All mice were bred and maintained in the AAALACaccredited facility at Harvard Medical School. Table S2 Primers for IgPCR (Busse et al., 2014; Tiller et al., 2009) Table S1 e2 Cell 170, 913-926.e1-e7, August 24, 2017
EXPERIMENTAL MODEL AND SUBJECT DETAILS

METHOD DETAILS
Antibodies and staining reagents Commercial antibodies and staining reagents, from BioLegend: GL7-PacBlue, GL7-PE, GL7-A647, B220-PerCP-Cy5.5,aB220-APCCy7,aIgMb-FITC,aIgMa-PE, CD45.2-FITC, CD45.2-APC,aCD45.1-FITC,aCD45.1-PE, aIgD-PB,aCD21/35 (7E9)-PE, CD138-PE, CD38-PE-Cy7, CD31-A647, CD157-PE, Streptavidin-PE/Cy7; from eBioscience: CD95 (APO-1/Fas)-PE (clone 15A7) and viability dye Fixable live/dead stain Efluor780; from ThermoFisher Scientific: Rabbit-anti-Goat-A488, Hoechst 33342, DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride), Phalloidin-A568; from Southern Biotech: AP-Goat-anti-Mouse IgG, AP-Goat-anti-Mouse IgG2a, AP-Goat-anti-Mouse IgG2c; from Rockland Immunochemicals: Rabbit polyclonal anti-B-Phycoerythrin; from DAKO: Rabbit polyconal anti-Mouse Immunoglobulins-biotin; from Perkin-Elmer: Europium-labeled streptavidin. In-house generated anti-idiotypic Ab, clone 9D11, conjugated to Alexa Fluor 647 or Alexa Fluor 568; in-house generated Rabbit polyclonal anti-C3b conjugated to Alexa Fluor 633.
Genotyping and FACStyping
Genotyping was performed using the primers and reaction conditions indicated in Table S1 . For FACStyping mice were bled retroorbitally. Using heparinized capillary tubes, approximately 60-100 ml blood was drawn into Eppendorf tubes containing 30 ml acid-citrate-dextrose solution. Following collection, the stabilized blood was briefly spun down, then underlayered with 1 mL of Lymphocyte Separation Medium, and spun for 25 min, 1,600 RPM at RT. The mononuclear cell layer was aspirated and transferred into 1 mL ice-cold FACSbuffer, mixed, then pelleted at 200 g for 5 min. Cells were resuspended in FACSbuffer and processed for flow cytometric analysis as described further below. FACStyping of 564 mice was performed using B220, anti-IgMa, anti-IgMb, and 9D11. PA-GFP mice were FACStyped for PA-GFP positivity based on signal in the AmCyan/Pacific Orange channel.
Chimeras
Recipients were irradiated with 950 rad, then immediately placed on water containing antibiotics (sulfamethoxazole/trimethoprim) to prevent opportunistic infections during the reconstitution phase. Femurs and tibia were extracted from BM donors, mechanically cleaned and rinsed through several rounds of HBSS supplemented with 10 mM HEPES, pH 7.2, 1 mM EDTA and 2% heat-inactivated FBS (BM buffer). The bones were subsequently crushed in a mortar, and the cell extract was passed through a 70 mm cell strainer (Corning). An aliquot was subjected to RBC lysis and counted in a standard hemacytometer (Neubauer chamber). Based on cell counts, appropriate ratios of mixed BM were calculated to achieve final desired donor ratios. Cells were pelleted by centrifugation (200 g, 5 min) and resuspended at 1 * 10 8 cells per ml, and 100 ml was injected i.v. into each irradiated recipient $10-12 hr post irradiation.
Additional procedures
To generate foreign-Ag-elicited GCs, mice were immunized intraperitoneally with 100 mg of chicken gamma globulin (Rockland Immunochemicals) precipitated in an equal volume of Imject Alum (ThermoScientific). Recombination of the Rosa26Confetti allele in Aid-Cre ERT2 mice was induced by a single gavage of 10 or 15 mg of tamoxifen (Sigma) dissolved in sunflower oil at 20 or 30 mg/ml. For in vivo-labeling of FDC networks, mice were injected intraperitoneally with 100 mg of rabbit polyclonal anti-B-PE (Rockland) two days prior to sacrifice, and subsequently intravenously with 10 mg B-PE (Molecular Probes/ThermoFisher) or 1 mg SA-PE-Cy7 (BioLegend) the day before sacrifice. Alternative FDC labeling approaches included i.v. injection of 10 mg A633-conjugated rabbit polyclonal-anti-C3b (in-house generated) or PE-conjugated anti-CD157 Ab (BioLegend) 1-2 days before sacrifice.
Mutiphoton imaging and photoactivation of explants
Spleen and LNs were harvested at different times post-immunization/tamoxifen. Adipose tissue was carefully removed under a dissecting microscope. Either thick transversal sections ($1 mm) were manually cut from spleens using surgical scissors, or longitudinal thick sections ($2-3 mm) were prepared by clamping the spleen between Styrofoam holders and manually slicing with a surgical scalpel. LNs and spleen sections were placed in FACS buffer (PBS, pH 7.2, 1 mM EDTA and 2% heat-inactivated FBS) in vacuum-grease chambers on microscope slides. Chambers were coverslipped and kept on ice before and immediately following imaging/photoactivation. All imaging was performed on an upright Olympus FV1200 MPE multiphoton system microscope fitted with either a 20X 0.95NA Plan water-immersion objective or a 25X 1.05NA Plan IR optimized water-immersion objective, a MaiTai HP DeepSee Ti-Sapphire laser (Spectraphysics), and 4 non-descanned detectors (2 GaAsP and 2 regular PMTs). Imaging of Confetti alleles was performed using l = 940 nm excitation. Fluorescence emission was collected in three channels, using the following filter sets: a pair of CFP (480/40 nm) and YFP (525/50 nm) filters, separated by a 505 nm dichroic mirror, for CFP/GFP/YFP detection, and a third filter (605/70 nm) for RFP detection. Alexa 633-conjugated Ab was imaged using 830 nm excitation and a 665/40 nm emission filter. Imaging of PA-GFP explants was performed at l = 930-940 nm, photoactivation was performed at l = 830 nm. For live imaging, mice were anaesthetized using an isoflurane vaporizer, with 1.5%-2% isofluorane for the induction phase, followed by 0.5%-1% for maintenance. Adequate surgical plane of anesthesia was frequently verified throughout the procedure by testing the pedal withdrawal reflex. The mice were prepared using standard surgical technique.
Confetti analyses
Acquired stacks were rendered in Fiji (ImageJ). Counting was performed on 3-4 z planes from stacks acquired at 5 mm steps through the GC. Slices were at least 15-20 mm apart to preclude the possibility of double counting. Very sparse, < 50% occupation GC were discarded prior to analysis, as they were considered to harbor at least one expanded dark clone. Typically, greater than 250 GC B cells were quantified for a single GC per time point. Observers were blinded to animal status and inter-observer reliability was confirmed by independent counts of 15 GC with a concordance of more than 95% between 2 observers. Raw counts were converted to relative frequencies for each observable color to simplify analysis. Clonal dominance was calculated as the frequency of the most dominant clone/color at a given time point. Clonal divergence score was reported previously (Tas et al., 2016) and is calculated at a given time point by comparing the observed distribution of colors at time t to the expected frequencies resulting from random recombination. Expected frequencies for each of 10 possible colors was derived using explant data from day 3 post tamoxifen treatment where color distribution most closely mimics random recombination and prior to any selection events:
Clonal divergence scoreðtÞ = X 10 i = 1 observedfreq colorðiÞ À expectedfreq colorðiÞ :
Descriptors of GC behavior and clonality were graphed using GraphPad Prism 6.
Flow cytometry
Spleens and LNs were harvested into ice cold FACS buffer and mechanically dissociated using pestles in 1.5 mL Eppendorf tubes. Samples were filtered through 70 mm cell strainers (Corning) and spun down at $200 g for 5 min. LN samples were resuspended in FACS buffer. Spleen samples were resuspended in RBC lysis buffer (155 mM NH 4 Cl, 12 mM NaHCO 3 , 0.1 mM EDTA), incubated for 2-3 min then spun down as before and resuspended in FACS buffer. Femurs and tibia were harvested, mechanically cleaned using coarse paper towels and placed into ice cold FACS buffer. Bones were processed by maceration in a mortar and the resulting BM cell suspensions were collected and passed through 70 mm cell strainers. BM cell suspensions were spun down and subjected to RBC lysis as for the spleen, then spun again and resuspended in FACS buffer. Peyer's patches were snipped off the outer surface of the small intestine, collected into ice cold FACS buffer and subsequently washed through 5-10 changes of FACS buffer to remove contaminating fecal matter. Peyer's patches were then mechanically dissociated using pestles in 1.5 mL Eppendorf tubes as for the spleens and LNs, filtered through 70 mm cell strainers, spun down and finally resuspended in FACS buffer. Samples were added to wells of 96-well round-bottom plates, spun down and resuspended in 100 ml staining mix (appropriate Ab and viability dye cocktail in FACS buffer). Staining was performed for 30 min on ice, followed by addition of 150 ml wash buffer. Plates were subsequently centrifuged 200 g for 5 min, and supernatants flicked out of the plates. For two-step staining procedures secondary staining mix was added (appropriate secondary Ab mix and viability dye in FACS buffer), and the process repeated. Following the last wash, samples were resuspended in 200 ml FACS buffer and transferred to FACS tubes. Flow cytometric analyses were performed on one of 3 different instruments (BD Biosciences), depending on the experiment: a four color, six parameter FACSCalibur equipped with 488 nm and 633 nm lasers; a standard 3 lasers-configuration (405 nm, 488 nm and 633 nm) FASCSCanto2, with 8-color and 10 parameter analytical capabilities; and a 5-laser, 20-parameter FACSAria 2 SORP (lasers: 355 nm, 488 nm, 633 nm, 405 nm, 594 nm) equipped with a PMT option for FSC, enhanced optics and digital focusing and a 300 mW 488 nm laser from Coherent.
Bulk sequence analysis
Cell suspensions were stained as for flow cytometry, washed, and resuspended in FACS buffer. Bulk sort was performed on a 5-laser FACSARIA II Special Order system (355, 405, 488, 640 , 594 nm laser lines; FCS-PMT module and enhanced optics and digital focusing), using a single-cell sort mask. Cells were sorted directly into RNA lysis buffer (Zymo Research) in FACS tubes, spun down briefly following completion of collection, and frozen at À80 C until further processing. RNA was purified using the Zymo Quick RNA Miniprep kit (Zymo Research) following the manufacturer's instructions, and RNA yields determined using a NanoDrop1000. Complementary DNA was generated using M-MLV Reverse Transcriptase (ThermoFisher Scientific) at standard conditions. Amplification of V(D)J segments was performed using consensus primers based on Tiller et al. (2009), and Busse et al. (2014) , (see also  Table S1 ) and GoTaq DNA polymerase (Promega) under the conditions described herein. Amplicons were TOPO-TA cloned into the pCR2.1-TOPO vector and used for transformation of DH5a, which were subsequently plated on LB-agar containing kanamycin, X-gal and IPTG. Following incubation overnight at 37 C, single defined white colonies were picked into 10 ml of autoclaved distilled water. From each sample, 1 ml was used as input for amplicon PCR using M13 Forward and Reverse primers and GoTaq DNA polymerase. From 20 ml reactions, 2-5 ml were run on analytical agarose gels, and the remainder was precipitated by addition of 1/10 th volume 3 M sodium acetate (pH 5.2) and 2.5 volumes 96% ethanol. Following overnight incubation at À20 C, samples were spun at 3,500 rpm for 30 min, the supernatant flicked off, and the pellet washed with 96% ethanol. Pellets were subsequently dried and resuspended in 12 ml 10 mM Tris buffer, pH 8.5. Nucleic acid concentration and purity was measured on NanoDrop1000, and samples were submitted to sequencing at the DFCI Sequencing Core using either T7 or M13 Reverse primer. Sequence traces were oriented with V(D)J in forward orientation and truncated based on the msVHE and mu-or gamma-inner primer sequences. Files were imported into CLC Sequence Viewer 7, the resulting sequences extracted and grouped, then exported as sequence lists in fasta format. Sequences were submitted to IgBlast against the full NCBI V(D)J dataset with standard settings (Ye et al., 2013) . Output was imported into Microsoft Excel, filtered to include only full-length sequences, then tabulated using the PivotTable function. Resulting VH segment usage and mutation tables were rendered in GraphPad Prism 6.
Single cell sequence analysis Cell suspensions were stained as for flow cytometry, washed, and resuspended in FACS buffer. Single cell sort was performed on a 5-laser FACSARIA II Special Order system (355, 405, 488, 640 , 594 nm laser lines; FCS-PMT module and enhanced optics and digital focusing), using a single-cell sort mask. Single cells were sorted directly into wells of 96-well semi-skirted PCR plates containing 5 ml buffer TCL (QIAGEN) supplemented with 1% beta-mercaptoethanol. Following collection, plates were sealed with PCR tape, spun briefly, and immediately placed at À80 C. Plates were processed separately in a laminar flow hood following wipe-down and UV illumination. All reagents were prepared fresh for each experiment, based on pre-aliquots and stock solutions. Plates were thawed on ice, and to each well was added 2.2 vol. RNA-SPRI beads (11 ml per well, Agencourt RNAClean XP). Samples and beads were mixed well by pipetting, followed by incubation 10 min at RT. The plates were then incubated 5 min on a plate magnet, and the supernatant was removed using an 8x multichannel and following the direction of the magnet. Beads were washed 3 times with 100 ml 80% EtOH, in each round by displacing and repositioning wells from one magnet bar to a neighboring one several times. Washed beads were airdried for 10 min, and RNA was eluted in 4.5 ml of Mix1 (1.1 mM anchored Oligo-dT, 2.2 mM dNTP, and 1.1 U/ml of RNaseOut) per well by dispensing it directly over the beads and by pipetting up and down. Plates were spun briefly, incubated 3 min at 72 C, followed by 1 min on ice, then to each well was added 5.5 ml of Mix2 (1.8 U/ml RNaseOUT, 3.6 U/ml Maxima H-Reverse Transcriptase, 0.9 M Betaine, 5.5 mM MgCl 2 , and containing 2 ml 5x RT buffer per reaction). Plates were again spun briefly, and RT reactions were then run on a thermocycler, 50 C for 1h, 4 C hold. For PCRs, again all reagents were prepared fresh for each experiment, based on pre-aliquots and stock solutions. The 10 ml cDNA reactions were diluted 5-fold with 40 ml autoclaved MilliQ water, and from this 5 ml was used per 20 ml 1 st round PCR reaction. From the 1 st round PCR, 1 ml was used as input for 2 nd round (semi-nested) PCR reaction. Primers and PCR conditions were as described above for the bulk sequence analysis. Amplicons were precipitated and analyzed as described, then sent for sequencing using Mu-inner and Gamma-inner, for mu and gamma heavy chain amplicons respectively. Sequence traces were oriented with V(D)J in forward orientation and truncated based on the msVHE primer sequence. Files were imported into CLC Sequence Viewer 7, the resulting sequences extracted and grouped, then exported as sequence lists in fasta format. Sequences were submitted to IgBlast against the full NCBI V(D)J dataset with standard settings (Ye et al., 2013) . Output was imported into Microsoft Excel, filtered to include only full-length sequences, then tabulated using the PivotTable function. Resulting VH segment usage and mutation tables were rendered in GraphPad Prism 6.
Clonal lineage determination and inference
The program Cloanalyst (Kepler, 2013) was used to annotate isolated paired heavy-light VDJ/VJ sequences, and to infer intermediates and the unmutated common ancestor (UCA). The phylogenetic tree of the clonal lineages was then reconstructed.
Cloning, expression and purification of IgGs
The 38 genes encoding the Ab V H , V L and the UCA were synthesized (Integrated DNA Technologies) and cloned into the modified pVRC8400 vector between a tissue plasminogen activation (TPA) signal sequence and the constant domains of the mouse IgG1 C H1 -C H3 and C L (Kuraoka et al., 2016) . Mouse IgG1,k were produced by transient transfection of 293T adapted for suspension culture, using polyethylenimine (PEI, Polysciences) as the transfection reagent. The supernatant was harvested 6 days after transfection and clarified from cellular debris by centrifugation at 4,200 rpm for 20 min. IgGs were purified using Protein G agarose (Thermo) and dialyzed in PBS. Purified IgGs were concentrated and stored at 4 C until needed.
Nucleolar ELISA/TRIFMA Nucleoli were purified from cultured HEK293F FreeStyle cells (Invitrogen). The cells were grown to a density of $1 * 10 6 cells per ml, spun down and resuspended in fresh pre-warmed medium the day before, and on the day of isolation added 1/10 volume fresh medium 1 hr before commencement of the protocol. For the isolation, $10 8 cells were spun down at $200 g ($1000 rpm, Beckman GS-6 centrifuge, GH-3.8 rotor) for 5 min, the supernatant decanted, and they were resuspended in 5 mL ice-cold Buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM DTT). After incubation on ice for 5 min, the cells were transferred to a pre-cooled 7 mL Dounce homogenizer (Wheaton Scientific) and subjected to 10 strokes using a tight pestle (''A'' specification: 0.0010'' -0.0030'' clearance), while keeping the homogenizer on ice. An aliquot of the homogenate was checked under a phase contrast microscope, and the procedure repeated as necessary, until > 90% of the cells were burst, leaving intact nuclei, with various amounts of cytoplasmic material attached. The homogenate was then centrifuged 200 g for 5 min at 4 C. Following aspiration of the supernatant, the pellet, containing enriched but not highly pure nuclei, was resuspended in 3 mL S1 solution (0.25 M Sucrose, 10 mM MgCl 2 ). The resuspended pellet was layered over 3 mL of S2 solution (0.35 M Sucrose, 0.5 mM MgCl 2 ) and centrifuged at $1,400 g (2,500 rpm) for 5 min at 4 C. The pellet was resuspended in 3 mL of S2 solution and the resulting nuclear suspension was sonicated for 6 3 10 s bursts (with 10 s rest intervals between each burst) using a Misonix XL 2020 sonicator fitted with a microtip probe, and set at power setting 5. The sonicated nuclei were periodically checked under a phase contrast microscope to ensure the virtual absence of intact cells and nuclei, and confirm the presence of free nucleoli observable as dense refractile bodies. The sonicated sample was layered over 3 mL of S3 solution (0.88 M Sucrose, 0.5 mM MgCl 2 ) and centrifuged at 3,000 g (3,500 rpm) for 10 min at 4 C.
The nucleoplasmic fraction was aspirated and the nucleolar pellet was resuspended in 0.5 mL of S2 solution, followed by centrifugation at 1,430 g (2,500 rpm) for 5 min at 4 C and resuspension in 0.5 mL of S2 solution. Each batch was checked carefully under a phase contrast microscope to ensure presence of highly purified nucleoli without any other material, and stored at À80 C until use. For quantification of nucleoli 10-fold dilution series were prepared and loaded in a standard hemacytometer, allowed to settle, and then counted using phase-contrast. We routinely obtained approximately $10 8 nucleoli, i.e., 1 nucleolus per 1 cell input, indicating a recovery of 25%-33% (on average 3-4 nucleoli per HEK293F cell), and we occasionally observed partially intact nuclei or fragments hereof (around 1/40 to 1/50), indicating a purity of > 97.5%. Fluoronunc microtiter plates were added nucleoli, 2 3 10 6 /ml in PBS, 100 ml per well, spun at 2,500 rpm ($1,300 g), 10 min at 4 C, then left to coat overnight at 4 C. Wells were emptied and blocked by incubation with BSA, 1 mg/ml PBS, for 1 hr at RT. Plates were washed three times with TBS/Tw (10 mM Tris-HCl, 145 mM NaCl, pH 7.4, containing 0.05% v/v Tween-20), then added standard, controls and samples: standard, 564 C11 mAb in sqrt10 dilution series from $4000 ng/ml to $3.9 ng/ml, plus ''0'' (buffer only); samples and controls, serum diluted 1/100; all in duplicate, 100 ml per well in TBS/Tw, incubated 2 hr at RT, then washed 3x with TBS/Tw. This was followed by incubation with secondary AP-conjugated Ab (total IgG, IgG2a, IgG2c, all from Southern Biotech), 1/2,000 in TBS/Tw, 100 ml/well, for 1 hr at RT. Finally, wells were washed 3 x with TBS/Tw and developed with phosphatase substrate, 1 mg/ml AP substrate buffer (1 M diethanolamine, pH 9.8, with 0.5 mM MgCl 2 ), reading out on a SPECTRAmax 340 Microplate Reader running SoftMax Pro v. 5.4. In a time-resolved immunofluorometric assay (TRIFMA) variation of the assay, two-step development was performed by adding in-house biotiniylated rabbit anti-mouse IgG Ab (DAKO) followed by Eu 3+ -labeled streptavidin (0.1 mg/ml in TBS/Tw containing 25 mM EDTA). After the final wash, enhancement solution (Perkin-Elmer) was added and time-re-solved fluorescence was read on a Victor3 (Perkin-Elmer).
Immunofluorescence confocal microscopy Freshly harvested tissue was embedded in OCT (TissueTek) and immediately frozen at À80 C. Tissue blocks were equilibrated at cutting temperature (À16 to À20 C depending on tissue type) and 6-10 mm thick sections were cut on a cryostat. Tissue sections were mounted on SuperFrost+ slides (Fisher Scientific) and fixed using either ice-cold acetone or freshly thawed 4% PFA, for 5-10 min. PFA-fixed slides were incubated with TBS to block residual primary amine reactivity. Slides were then rinsed with PBS and incubated with block/perm buffer (PBS, 2% FBS, 0.1% NaN 3 , and 0.1% Triton X-100) for 30 min. This was followed by incubation with primary Ab mixture in staining buffer (PBS, 2% FBS, 0.1% NaN 3 ), overnight at 4 C. For two step staining procedures, the slides were washed 3 times with PBS, 0.01% Tween-20, then added secondary Ab mixture in staining buffer, and incubated for 2 hr at RT. At the end of either one-or two-step staining procedures, slides were washed once with staining buffer for 5 min, then 3 times 5 min with PBS, 0.01% Tween-20. Slides were spot-dried, then mounted in Fluoro-Gel (Electron Microscopy Sciences) and coverslipped. Imaging was performed using a Fluoview FV1000 inverted Olympus IX 81 confocal microscope, equipped with 6 laser lines (405, 457, 488, 515, 559, 635 nms) and 4 fluorescence + 1 transmission detector (PMTs).
HEp-2 Immunofluorescence assay
HEp-2 cells (ATCC) were split 1/3 in T175 on day À2 and seeded to glass coverslips at day À1 (100K/well, 24 well). Cells were fixed with 1%PFA for 20 min at RT. Cells were then blocked and permeabilized with block/perm buffer (2% FBS, 0.1% Tx-100 in PBS). After 30 min, cells were stained o/n in block/perm buffer with indicated antibodies at 10 ug/ml, 1 ug/ml or 0.1 ug/ml (C11 and 564 only). The next day, coverslips were washed 3 times and incubated for one hour with Goat anti Mouse IgG (H+L) Alexa488 (Life Technologies), phalloidin Alexa568 (Life Technologies) and DAPI. Coverslips were then washed 4 times and mounted on slides with Fluorogel as mounting medium. Detectors were set to no primary Ab control. Anti HA Ab 6649 was used as negative control. C11, the original hybridoma from which the 564 BCR was created was used as positive control in addition to re-cloned 564.
Image analysis
Images were quantified using CellProfiler (Lamprecht et al., 2007) . For kidney sections, glomerulus specific masks were generated based on CD31 signal and the mean pixel intensity was measured within each mask. For HEp-2 slides, quantifications were done based on the DAPI (nucleus) and Phalloidin staining. Cell outlines were detected using the phalloidin staining and as a function of the detected nuclei. A cytoplasmic mask was generated by subtracting the nucleus mask from the cell mask. Each bar represents a mean of individual objects (for instance a mean of MFI from 20 nuclei).
Autoantigen arrays
Autoantigen arrays were generated and assays on the arrays were performed as described previously (Ayoglu et al., 2016) . Unless stated otherwise in Table S3 , 6 mg of each Ag and a three-point dilution series of control mouse and anti-mouse antibodies (0.25, 1, 4 mg) were diluted in PBS and transferred into 3 3 96-well plates. Analytes were coupled to 1x10 6 carboxylated magnetic beads per ID (MagPlex-C, Luminex Corp.). Beads were distributed into 3 3 96-well plates (Greiner BioOne), washed and re-suspended in phosphate buffer (0.1 M NaH 2 PO 4, pH 6.2) using a plate washer (Biotek). Bead surface was activated by addition of 100 mL of phosphate buffer containing 0.5 mg of 1-ethyl-3(3-dimethylamino-propyl)carbodiimide (Pierce) and 0.5 mg N-hydroxysuccinimide (Pierce). After 20 min incubation on a shaker (Grant Bio), beads were washed and re-suspended in activation buffer (0.05 M MES, pH 5.0). Diluted Ags and control antibodies were incubated with beads for 2 hr at RT. The beads were washed 3 3 in 100 ml PBS-T, re-suspended in 60 ml storage buffer (Blocking reagent for ELISA, Roche) and stored in plates at 4 C overnight. Immobilization of the Ags were (A) Overall patterns of reactivities of IgG in sera from 9 heterozygous 564Igi, 7 homozygous 564Igi, 6 1:2 564 mixed chimeras, 2 1:9 564 mixed chimeras, 6 1:2 564K-mixed chimeras, and 5 B6, assayed for 241 Ags. Each row represents a mouse, and mice are grouped as indicated in the legend. Each column represents an Ag (for a list of Ags in order left to right, please refer to Table S3 ). The log2-transformed signal intensity scale is indicated in the legend, going from high signal (red) to low signal (blue). and TNF-b (bottom row), in sera of B6 (n = 5), heterozygous (n = 9), and homozygous (n = 7) 564Igi mice. Mean ± SEM and multiplicity adjusted significance for one-way ANOVA with Dunn's posttest. (E) Bar graph representations of IgG (left column), IgG2a (middle column) and IgG2c (right column) Ab toward single-stranded DNA (top row), SmD2 (middle row) and TNF-b (bottom row), in sera of 564 mixed chimeras (n = 8) and 564K-mixed chimeras (n = 6). Mean ± SEM and multiplicity adjusted significance for two-tailed Mann-Whitney test.
